The chemical nature of electrical tree growth in a blend of high and low density polyethylene has been studied by confocal Raman microprobe spectroscopy. The observed spectra, which are easily perturbed by the Raman probe beam, can be described in terms of three components, the relative intensities of which vary from place-to-place on the sample. Throughout the body of the tree, the usual Raman bands of polyethylene are seen, but superimposed upon a pronounced fluorescent background. This suggests a degree of material degradation throughout the structure, even where there is no visible evidence of electrical discharge damage or ageing. The individual channels that make up the fractal structure of the tree can then be divided into two distinct categories. Within the core of the tree, their Raman spectra are made up of two elements; fluorescence, plus the G and D bands of sp 2 hybridized carbon. Here, the tree channels are best thought of as hollow tubules surrounded by a carbonaceous shell. At the tips, the channels are characterized simply by the Raman bands of polyethylene superimposed upon a reduced fluorescent background, irrespective of their size. That is, in this region, the tree channels are simply hollow tubules within the dielectric. The transition between these two structures occurs relatively abruptly. These observations are related to the treeing process. C 2004 Kluwer Academic Publishers
Introduction
Electrical treeing constitutes a dielectric breakdown mechanism that is of considerable practical importance in connection with the use of polymeric materials in high voltage applications [1] . In this process, a microvoid is initially formed within the insulation at a region of high electric stress (inception), which then develops through partial discharge activity to give a fractal structure composed of fine erosion channels of the order of microns in diameter (growth). Once these tree channels form a continuous pathway between the electrodes, a large and destructive current flows (breakdown).
However, electrical treeing is not just of technological importance, the fundamentals have also attracted considerable attention. It is known that many parameters (electrical, material and environmental) influence the partial discharge activity and, hence, the growth of electrical trees (for example, see [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] ). In particular, development is affected by material factors, such as chemical composition [2] and morphology [3] , and environmental factors, such as temperature [4, 5] , mechanical stress and absorbed moisture [6, 7] . The de- * Author to whom all correspondence should be addressed.
gree to which such factors influence tree growth is dependent on the form of the structure that develops [3, [8] [9] [10] [11] and, based upon measurements of discharge activity, two distinct classes can be defined. For convenience, these can be termed conducting trees and nonconducting trees although, quantitatively, the difference in electrical conductivity between the two forms is unlikely to be large. Nevertheless, in so-called conducting trees, electrical activity is confined to the growth tips, which requires that the constituent channels are of sufficient conductivity that the local electric fields are unable to support discharge activity. Conversely, in nonconducting trees, electrical activity occurs throughout the tree. Microscopic examination of electrical trees [8] also reveals that conducting trees appear black (see Fig. 1a ) and non-conducting trees appear white under reflected light (see Fig. 1b ), prompting suggestions [8] that conducting structures may form by the condensation of some carbon-rich compounds that result from decomposition of the polymer. However, we are not aware of any previous report in which the chemical analysis of electrical trees has been attempted. In this paper we describe a study of the chemical nature of electrical treeing and breakdown in polyethylene. The objectives of this work were: (i) To explore the extent to which confocal Raman microprobe spectroscopy constitutes a practical tool for the study of breakdown structures.
(ii) To identify the chemical composition of electrical trees and to explore spatial variations within the structure. (iii) To relate the observed composition to the mechanism of formation.
Experimental

Sample preparation
The work described in this paper concerns a polyethylene blend containing 20% of the high density polyethylene (HDPE) Rigidex 160-25 (BP) and 80% of the branched low density polyethylene (LDPE) LD100BW.
Injection moulded blocks of polymer were melted in a vacuum oven and tungsten needle electrodes (pin tip radius 3 µm) were slowly inserted to give a pin to earth plane separation of 2 mm. Finally, the blend was crystallized by isothermal crystallization to completion in a silicone oil bath at 115
• C followed by quenching (in accordance with our previous practice, this material is referred to as BPK 115/20M) while the LDPE was directly quenched (termed BPK Q/0) [16] .
Production of electrical trees
Samples of electrical trees were produced using a 50 Hz alternating voltage, set within the range 7-25 kV rms, inside a silicone oil bath whose temperature could be varied between 20 and 80
• C. Routinely, specimens were pre-initiated at 20 kV rms until a small (∼50 µm) tree had formed at the pin-tip, to remove the essentially, random tree initiation time from the tree growth phase [15] . Tree growth was then monitored by imaging both the partial discharge activity within the structure and the backlit skeletal structure of the tree using a Peltier cooled CCD camera (Wright Instruments Ltd).
Specimen characterization
In principal, confocal Raman microprobe spectroscopy can be used to acquire subsurface chemical information. However, the true optical sectioning capability of the approach has become a highly controversial topic (see, for example, [17] [18] [19] [20] [21] [22] [23] [24] [25] ) and, consequently, a destructive sample preparation procedure was employed here, in which each electrical tree structure was cut open prior to analysis. To minimize surface damage, internal surfaces were prepared using an RMC MT-7 ultramicrotome equipped with a CR-21 cryo-system set at −90
• C. The confocal Raman microprobe used in this study was a Renishaw RM1000 system, including a Renishaw NIR 780TF semiconductor diode laser (wavelength 780 nm) with a maximum output power of 25 mW. This was routinely calibrated using a Renishaw neon light source (for absolute wavelength calibration of the spectrometer) and a silicon standard (to determine the absolute wavelength of the diode laser). Data manipulation and analysis were performed using a combination, of the GRAMS/32 and SigmaPlot 2000 software packages.
Results
Raman spectroscopy
and breakdown structure The following will demonstrate that Raman microprobe spectroscopy is far from a benign process as far as electrically aged specimens are concerned and, as a result, compromises are necessary if representative data are to be obtained. Before beginning any detailed spectroscopic analysis of any trees, it was essential to explore the nature of the laser/solid interactions and to develop an experimental protocol that would take into account three conflicting requirements. In order of importance, these were: minimum sample perturbation by the probe beam; an acceptable signal to noise ratio in the final spectrum; a reasonable data acquisition time. To do this, various spectra were obtained from the sample of BPK 115/20 that is shown in Fig. 2a . In the case of this specimen, tree growth was allowed to progress to failure at 20
• C and an applied voltage of 15 kV. Consequently, a substantial fault current was drawn at the instant breakdown occurred, which resulted in local heating and melting of the polymer in the vicinity of the failure path, as evinced by the destruction of the spherulitic morphology that, initially, characterized this material [26] . The heat-affected zone, which appears as a low-contrast halo around the dark breakdown channel, is arrowed in this micrograph. Fig. 2b contains three Raman spectra, A, B and C, which were obtained, respectively, from the points marked A, B and C in Fig. 2a ; to improve clarity, these spectra have been offset from one another by equal amounts along the ordinate. Trace A is a Raman spectrum obtained from a point on the microtomed surface that was well removed from the envelope of the tree and, although this contains appreciable noise, all the main Raman bands of polyethylene can, nevertheless, still be identified [27] . An increase in sampling time of at least an order of magnitude was required to produce a significant reduction in the observed noise level, which is entirely incompatible with many of the findings detailed below. Comparing this with the Raman spectrum obtained from a point within the heat affected zone that lies immediately adjacent to the failure path (point B in Fig. 2b ) reveals a number of similarities; the peaks corresponding to the Raman active vibrational modes of polyethylene are all still present but, now, they are superimposed upon a pronounced background signal, which rises progressively to a maximum at about 300 cm −1 . Fluorescence such as this is commonly encountered in Raman spectroscopy, particularly in the case of impure or aged specimens [28] [29] [30] . Whilst it cannot be used to provide chemical information, its presence does provide a crude indication of degradation. Both the above spectra were obtained using the following experimental conditions: 25% maximum laser power; 10 so-called continuous extended scans were integrated to give each spectrum; for each scan, all points on the spectrum were integrated over 10 s.
The final trace shown in Fig. 2b was obtained from point C within the main breakdown channel. However, the application of the above experimental conditions to this region of the sample resulted in visible damage to the specimen and, consequently, the laser power had to be reduced from 25 to 10%. To compensate for this, 25 rather than 10 spectra were then integrated to obtain the data shown. Although this did not produce any visible evidence of changes in the sample, repeating the experiment at the same point on the specimen did not result in an identical spectrum. The initial and repeat spectra are compared in Fig. 3 , together with trace A from Fig. 2b , which is included to provide some points of reference. In displaying these spectra, no offsets have been applied. In comparing the initial and repeat scans, a number of significant differences emerge. First, the magnitude of the background signal is dramatically reduced in the repeat scan and, second, the broad peaks centred at ∼1380 and ∼1585 cm −1 , which dominate the initial data set, appear rather less significant. Finally, all of the main polyethylene peaks that fall in the 1000-1500 cm −1 region of the spectrum can also be seen in the repeat scan obtained from the breakdown channel wall. This polyethylene character is, we believe, an artefact associated with prolonged exposure of the sample to the Raman probe beam.
To demonstrate that the character of the breakdown channel wall's spectrum changes with irradiation time, a subset of spectrum C (1140-1650 cm −1 ) was acquired from another, immediately adjacent point on the wall of the channel (see Fig. 4 ). By limiting the wavelength range in this way, exposure of the sample to the laser could be reduced to just 17 min whilst, simultaneously, increasing the counts within this region of the spectrum by an order of magnitude (10% laser power, integration of 100 10 s static scans). Consequently, the noise level decreases and, more significantly, the contribution of the polyethylene is reduced to, at most, a sharp peak, maximum 1293 cm −1 (γ t CH 2 band of polyethylene-1296 cm −1 [27] ), and a broad band within the range 1400-1480 cm −1 (δ CH 2 bands of polyethylene-1416-1473 cm −1 [27] ). This trend of decreasing polyethylene character with decreasing exposure time to the beam strongly suggests, we would argue, that the presence of polyethylene peaks within the initial spectrum and, more markedly the repeat in Fig. 3 , is not representative of the initial chemistry of the breakdown channel wall itself but, rather, is an artefact associated with local heating of the specimen by the near infra-red (NIR) Raman laser, which results in changes in its structure.
In addition to the Raman spectrum of the discharge channel wall, Fig. 4 also includes a spectrum obtained from a graphitic sample, for comparison. The Raman behaviour of the various forms of carbon has been studied extensively (see, for example, [31] [32] [33] [34] ). In the case of systems which contain considerable amounts of sp 2 bonding, the observed spectrum is generally dominated by two bands, the so-called G and D bands, which are, respectively, located at about 1560 and 1360 cm −1 [35] . The G band is associated with the in-plane stretching mode of graphite with E 2g symmetry [36, 37] whilst the D band has been related to disordered sp 2 carbon [18, 37] . However, the exact characteristics of both these bands (position and width) are influenced by the exciting wavelength [35] and the local order within the specimen [18, [36] [37] [38] . Prawer et al. [38] argued that the peak position of the G band depends on the sp 2 /sp 3 bonding ratio while Heinman et al. [37] have suggested that internal stresses will also have an effect. Nevertheless, from the peaks present in both of the spectra shown Fig. 4 , it is evident that the breakdown channel wall is carbonaceous in nature. In addition, the background signal may also provide a further clue to its precise nature, in that broadband Raman scattering around 1500 cm −1 has been associated with hydrogenated polymeric forms of amorphous carbon [36] , particularly when the sample is excited with a long wavelength laser, as here [35] .
The issue of perturbation of the Raman spectrum by the incident laser was also investigated in connection with the pronounced fluorescent background that characterizes spectrum B in Fig. 2b . Where identification of the chemical composition of an artefact is required, the fluorescent background constitutes an inconvenience that can often be dramatically reduced by the simple expedient of exposure to the exciting laser. That is, the sample is photo-bleached [27, 29] . Fig. 5 shows the effect of laser exposure time on the magnitude of the Figure 5 Effect of exposure of the polyethylene matrix to the near infrared laser of the confocal Raman microprobe. Here, the extent of the fluorescence is represented by the magnitude of the background at 1296 cm −1 , normalized to the height of the γ t CH 2 band of polyethylene. fluorescent background obtained from a point within the heat affected zone adjacent to that used to acquire spectrum B in Fig. 2b . In this, the fluorescence is represented by the magnitude of the background at 1296 cm −1 , normalized to the height of the γ t CH 2 band of polyethylene. Although this plot suggests that fluorescence decreases approximately exponentially with time, which is not unreasonable over relatively short time scales, our reason for including it is simply to demonstrate, once again, that the process of interrogating the specimen can modify the form of the data that is finally obtained.
To summarize, the above preliminary measurements have led to the following conclusions:-(i) The spectra obtained from the above treed sample can be understood in terms of three distinct elements: the conventional Raman spectrum of polyethylene, fluorescence and broad features that are best associated with the presence of disordered carbon.
(ii) Exposure of the sample to the laser beam can result in significant perturbations to the acquired data. This can manifest itself simply as photo-bleaching or, alternatively, through the introduction of spurious peaks. (iii) Provided it does not prevent spectral interpretation, we suggest that some noise within the spectra is preferable to the introduction of such artefacts.
Raman analysis of an electrical tree
The chemical nature of a conducting electrical tree in BPK Q/0 was investigated in detail using the specimen shown in Fig. 1a , which was grown at 30
• C at an applied voltage of 13.5 kV. To explore the chemical nature of the fine channels that make up this structure, a series of Raman spectra were first acquired, sequentially, along a line perpendicular to the axis of a channel. This process has been repeated many times, and on different trees, but only one set of typical results is shown here. Fig. 6a shows an optical micrograph of a single channel; the superimposed line indicates the axis from which the Raman data in Fig. 6b were obtained. Consider first the tree channel core itself. Here, there is little evidence of the Raman signature of polyethylene, the only obvious remnant is located at ∼2800 cm −1 since, in this region of the spectrum, the background signal is relatively low. Also, in the range 1000-1500 cm −1 , where the majority of the characteristic polyethylene peaks are located, there is some evidence of broad, flat features superimposed upon the rising background signal. Thus, from this spectrum and that obtained from the channel edge, it is evident that the fine tubules that make up this electrical tree have much in common with the large breakdown channel discussed above. Both can be analyzed in terms of polyethylene, broad carbon peaks in the range 1300-1500 cm −1 and fluorescence. Whilst degradation within the channel itself is unsurprising, as evinced by the presence of both fluorescence and disordered carbon, fig. 6b also demonstrates that, even well away from a channel (up to 25 µm in this figure) , the acquired Raman spectra are very different from the idealized polyethylene case shown in Fig. 2 . Although the same discrete peaks are present, they are now superimposed upon a significant fluorescent background. Whilst this may be interpreted as providing evidence for chemical changes within the material immediately surrounding the tree channel (i.e., the introduction of fluorescent centres), an alternative explanation is that, despite its confocal design, the spectrometer may be sampling some degraded sub-surface features, which are not visible in Fig. 6a. From Figs 2b and 6b , tree channels are highly fluorescent structures.
To explore further the origin and extent of fluorescence within the body of the tree, spectra were acquired at intervals along a line perpendicular to the axis of the tree and 600 µm away from the needle, as shown in Fig. 7a . In all cases, data were acquired from a point on the surface where no evidence of electrical damage could be seen, either within the surface itself or on defocusing in an attempt to image sub-surface features. The magnitude of the fluorescence, evaluated using the same criterion used to produce Fig. 5 , is plotted as a function of position in Fig. 7b , where zero corresponds to the axis of the needle electrode. Beyond the limits of the tree, as defined by visible tubules within the microtomed surface, there is negligible fluorescence. Moving across the tree, the level of background emissions increases significantly. Whilst this is generally progressive, there are specific locations where the fluorescence increases locally by as much as an order of magnitude. Since the surface appeared equivalent at all these points, we suggest that this a consequence of the instrument, locally, sampling sub-surface channels; these are the only features we have detected in our treeing experiments that give rise to such strong fluorescence. If the origin of the fluorescent anomalies in Fig. 7b is indeed subsurface tree channels, as proposed, then in materials such as this polyethylene blend, the optical sectioning capability of confocal Raman spectroscopy appears very limited. This point is currently being investigated in detail [39] , since it has important implication for the general utility of the technique. Nevertheless, these anomalies aside, it is implausible, we would suggest, to argue that all of the chosen points in Fig. 7b serendipitously happen to sample invisible subsurface features in such a progressive way as to give the smooth curve that lies beneath the fluorescent anomalies in this plot. Therefore, this figure also demonstrates that fluorescence is indeed a genuine feature of all the material within the treed region, implying that material degradation is not confined to the branches and channels that make up an electrical tree but, rather, occurs to some extent throughout the complete body of the structure.
Returning now to the tree channels themselves, Fig. 8 shows how the Raman spectrum of these features varies with position within the tree. These spectra were acquired from different channels within the tree and are, again, offset from one another along the ordinate for clarity. The distance from the extremity of the needle to the point of analysis is shown in each case. Within the microtomed surface, the closest channel to the needle electrode was located at 430 µm, and this appears very much like many of the other tree and breakdown channel spectra shown above. This contains the G and Figure 6 (a) High magnification reflected light optical micrograph of a single tree channel within the microtomed surface; at this magnification, the centre of the tree channel is out of focus (∼3 µm below the microtomed surface), whilst the edges show some evidence of a shell structure, ∼1 µm in thickness (scale bar = 10 µm). (b) Raman spectra acquired at various distances away from the centre of the channel along the line shown in the micrograph.
D bands of sp 2 carbon, superimposed upon a strong fluorescent background. The spectrum at 650 µm is based upon the same two elements but unusually, here, it is the two carbon bands that dominate. The reason for this is, most likely, the precise morphology of the tree channel used to obtain these data. This spectrum was acquired from the branch point shown in Fig. 8b ; that is, effectively, from a very wide channel rather than from the bottom a narrow "trench". Since this is the only point where a microtomed surface has intersected precisely with such a branch point, it is not possible to test this hypothesis. Nevertheless, this spectrum does unambiguously demonstrate the presence of graphitic carbon within the tree. The final three spectra shown in Fig. 8a were acquired at increasing distances from the electrode. The spectrum indicated 1190 µm was obtained from an extremely fine tubule at the very periphery of the structure, whereas the almost identical spectrum marked 1130 µm was obtained from an extensive channel. This implies that it is not the size of the structure but, rather, its location within the tree (i.e., the lifetime of the channel) that determines channel chemistry. Moving closer towards the electrode (810 µm) the fluorescence increases but, again, the channel spectrum is indicative of degraded polyethylene not carbon.
Discussion
The above results provide a clear picture of the chemical nature of a so-called conducting electrical tree in polyethylene. These structures are composed of hollow tubules which, up to a certain distance from the needle electrode (∼700 µm in Fig. 8a ) are surrounded by a shell of disordered graphitic carbon, which should be electrically conducting [40] . Near the tips of the structure (700-1200 µm in Fig. 8a) , the tree channels appear simply to be hollow tubules surrounded directly by the polyethylene matrix. From Fig. 1a , electrical trees can be extremely open, three-dimensional fractal structures and, therefore, distance measurements made within a non-specific microtomed surface are, in absolute terms, meaningless. Nevertheless, the assertion that the character of the channels within this structure changes, apparently abruptly, as the periphery of the object is approached is consistent with physical observations. First, electrical activity in trees such as this is confined to the growth tips [41] ; this requires (i) that channels within the core are of sufficient electrical conductivity to prevent local discharge activity and (ii) that the tips are electrically insulating, thereby allowing discharges to take place within them [8, 10, 11] . Second, in polyethylene, non-conducting trees are often a precursor to conducting trees [10] , implying that a critical time is required to establish the conditions under which graphitic carbon shells are able to form within, initially, hollow tubules. No doubt, this will depend upon both the imposed electrical conditions and the material.
While the presence of graphitic carbon within the tubules at the core of conducting electrical trees is intuitively reasonable, the process by which it is formed remains unclear. The degradation of polyethylene has been studied under many different conditions. In the bulk, thermal degradation is dominated by chain scission reactions such that volatile by-products result [42] ; local heating and ablation with a high power infra-red laser also produces no decomposition residue [43] . Surface damage through electrical discharge activity has been studied in many polymers and composites in connection with potential applications in outdoor insulators and, although many systems degrade to produce conducting carbonaceous tracks, polyethylene does not [44] . Also, in a related polyolefin, quenching was found to lead to the subsequent growth of conducting trees whilst isothermal crystallization was followed by the development of non-conducting structures [3] . In epoxies, conducting trees have been observed at temperatures below the glass transition (T g ), whilst non-conducting trees form above T g [8] . The mechanism by which graphitic residue forms within electrical trees cannot, therefore, simply be related to the bulk decomposition chemistry of the insulation material; other factors must also play a part. Although this is a critical issue in both understanding the nature of electrical trees and, practically, in devising technological means of detecting their presence, in the absence of specific evidence, further speculation here is of little value.
Conclusions
Electrical treeing is a technologically important phenomenon and one that has attracted much fundamental study. However, to our knowledge, this constitutes the first chemical analysis of such structures. Although confocal Raman microprobe spectroscopy would appear to be an ideal approach to chemical analysis on the micron scale, our results indicate that the technique can be invasive and, more significantly, they also raise questions over the spatial resolution that can really be obtained with the approach. Nevertheless, we can interpret all the experimental Raman spectra we have obtained in terms of three distinct elements: polyethylene; fluorescence due to partial degradation of the polymer; amorphous carbon within well-established tree channels. The proportion of these basic elements varies from place to place, with even the polymer between tree channels showing signs of degradation. The channels at the core of the tree all show evidence of sp 2 hybridized carbon, often, together with the signature of degraded polyethylene. Whether this latter component is a genuine reflection of the typical chemistry of conducting tree channels or is merely an instrumental artefact resulting from a large sampling volume is, however, unclear. Where the geometry of the tree channel gave good access to its core, strong carbon G and D bands were observed. Conversely, carbon was not detected at the tips of the tree, suggesting that conducting electrical trees consist of a graphitic core, surrounded by a region in which the channels are hollow and non-conducting; the transition appears to be relatively abrupt.
